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Abstract

Due to the high barrier and large exoergicity, the dissociation of N2 impinging on Ru(0001)
produces ballistic N atoms that can travel significant distances from the impact site, as shown by
a recent STM study (J. Phys. Chem. C 2022, 126, 18333-18342). In this work, the “hot” nitrogen
atom dynamics following N2 dissociation is investigated theoretically on a high-dimensional
potential energy surface based on a neural network representation of density functional theory data.
Quasi-classical trajectory simulations indicate that the average separation between the two N
atoms is typically less than 10 A, about one order of magnitude less than the experimental report
(66+28 A). The relatively short migration distance of the “hot” N atom found in our simulations
is attributed to a high diffusion barrier and fast energy dissipation. The theory-experiment
discrepancy presents a challenge to quantitative understanding “hot” atom dynamics on metal

surfaces.



1. Introduction

The dissociative chemisorption of the N2 molecule on catalytic surfaces is the rate-limiting
step in the Haber-Bosch catalytic synthesis of ammonia' and has as a result attracted much
attention.””> Ruthenium is considered as a second generation catalyst for this important reaction*
and its catalysis of ammonia synthesis has been extensively studied.®'® In particular, N2
dissociation is confirmed as the rate-limiting step on Ru surfaces.'? As a result, experimental and
theoretical studies of N2 interaction and reaction with Ru surfaces have so far focused on the highly
activated dissociative chemisorption,!”? but the dynamics after the initial dissociation is seldom
investigated. Thanks to the high barrier and large exoergicity of the dissociation process, the
resulting “hot” nitrogen atoms acquire significant kinetic energy from the breaking of the triple
bond in the molecule, and are thus mobile on the metal surface immediately after the dissociation.
The kinetic energy of these “hot” surface atoms might play a role in the subsequent N* + H*

reaction step, which has a barrier of ~1 eV.!!"12

The thermal mobility of adsorbed N atoms on Ru surfaces has been investigated near room
temperature using scanning tunneling microscopy (STM), which offers insights on the diffusion
barrier.’!* Very recently, Sibener and coworkers reported an in situ STM study, in which the
consequence of “hot” N atoms dynamics upon dissociative chemisorption of N2 is probed on
Ru(0001).%* At the surface temperature of 262 K, these authors observed clear N-N pairs on the
surface, separated by an average of 66+28 A, which does not change at room temperature. The
large separation was attributed to the excess kinetic energy of the N atoms acquired after the
dissociation, which is eventually dissipated into the substrate. Such dissipation could be due to
energy exchange with the surface phonons and in some cases electron-hole pairs (EHPs) when the

surface is a metal. The former is called the adiabatic dissipation channel because no excitation of



the metal electrons is involved, while the latter the nonadiabatic dissipation channel due to the
strong coupling between the electronic and nuclear degrees of freedom. They often have very
different behaviors and the understanding of their roles in surface processes is a hot topic in surface
dynamics.>*3® For our system here, an accurate characterization of the energy dissipation is the
key to understanding the experimental observations. Here, we report an extensive theoretical
investigation of the N2 dissociative chemisorption on Ru(0001) and the subsequent “hot” N atom

dynamics, using an approach adapted in our recent work on hydrogen spillover.>”®

II. Methods

Periodic density functional theory (DFT) calculations reported in this paper were carried
out using the Vienna Ab initio Simulation Package (VASP).**’ The valence electrons were
represented by plane waves with an energy cutoff of 400 eV and the projector-augmented wave
(PAW) method was applied to account for the core electrons.*! The exchange and correlation
energies were described within the generalized gradient approximation (GGA) by the revised
Perdew-Burke-Ernzerhof (RPBE) functional,® which has been widely employed in many previous
studies for the same system.!> 2% 2 In the calculations, the Ru(0001) surface was modeled by a
4x4 unit cell with 4 layers, with sixty four atoms. The Brillouin zone was sampled with a 2x2x1
k-point grid. The slabs were separated by a vacuum space of 16 A in the z direction. All atoms
other than those in the bottom surface layer were allowed to move. The self-consistent field

calculations were converged to 107 eV.
The calculation of adsorption energy was based on the equation below,

Ead(adsorbate) = E(surface+adsorbate) — E(surface) — E(adsorbate) (1)



where E(surface), E(adsorbate), and E(surface+adsorbate) are the energy of the bare surface, the
adsorbate in gas phase, and the total system, respectively. The saddle points were determined using
the climbing image-nudged elastic band (CI-NEB) method*? with the force convergence criterium

of 0.05 eV/A per atom.

Because of the high activation barrier for dissociation, the impinging N2 needs to have a
large internal energy and/or kinetic energy to have a significant sticking probability. To generate
DFT data points for constructing the potential energy surface (PES), ab initio molecular dynamics
(AIMD) trajectories were run for N2 molecules with the incidence energy of 5.0 eV and incidence
angle along surface normal. The internal energy of the impinging molecule was sampled in the
v=4 state with zero rotational angular momentum. The surface temperature was set at 300 K, and
the initial surface configurations were saved from a 1-ps equilibration run. The initial position of
the N2 molecule was evenly distributed over the surface unit cell at 6 A above and their polar and
azimuthal angles are randomly selected. 400 trajectories were run for 0.5 ps with a 0.5 fs time step,

among which 137 resulted in dissociation.

The AIMD data were then used to construct a high-dimensional PES for N2 interacting
with Ru(0001) using a machine learning method.*** The PES is expressed as an atomistic neural
network (AtNN), in which the total interaction energy is given as a sum of atomic contributions.*>-
46 A total of 48 surface atoms and two N atoms are included and the dimensionality of the PES is
150. Specifically, the embedded atom neural network (EANN) approach*’ was used, which is
known to be more efficient than previous AtNN methods.*® The training data set consisted of points
(both energies and gradients) along the AIMD trajectories, which were culled using a Euclidean
distance of 0.3 A to remove points that were too close to each other. An additional 6000 points

were added to cover configuration spaces that are not accessed by the limited number of



trajectories. About 50000 points were finally used to fit the PES, with a fitting root mean square
error (RMSE) of about 37 meV, which is 0.74 meV/atom. To verify the fidelity of the fitting, the
potential energies along an AIMD dissociative trajectory are compared with the values obtained

from the PES in Supporting Information (SI), and the comparison is quite satisfactory.

With the PES, the dissociation of N2 and subsequent impulsive dynamics of N atoms were
simulated using quasi-classical trajectories (QCT). The assumption that the dynamics is classical
is reasonable as the nuclei involved are all quite heavy. The propagation of the trajectories was
done with a 0.1 fs time step. A trajectory is terminated if the molecule is scattered back to the gas
phase, judged by the center-of-mass distance from the surface larger than 6 A. Other trajectories
are propagated to 20 ps, although some to 200 ps in order to check convergence. The trajectories
were calculated using the Venus program* with modifications for surface processes.”® Several
incidence energies and N> vibrational excitations were used to prepare the hot N atoms on the

surface.

The EHP effects are not considered in the present work because an earlier study has
demonstrated that the nonadiabatic coupling of atomic nitrogen with the surface EHPs is small on

metal surfaces.?’
III.  Results
ITA. N adsorption, diffusion, and N; dissociation

Previous theoretical studies indicated that the N atom prefers three-fold hollow sites of the
Ru(0001) surface,” 12 15:51 which has been confirmed by STM experiments.>>-** The distance of
the N adsorbate from the surface plane is 1.08 and 1.19 A for hep and fec sites, respectively. Our

calculations show that N adsorbs stronger at the hcp site than the fcc site by about 0.49 eV, and



their configurations are shown in Figure 1. The adsorption energy relative to the gaseous nitrogen
atom is -5.59 and -5.10 eV, respectively. For an N atom to move from the most stable hcp site to
the less stable fcc site, it needs to overcome a diffusion barrier of 0.85 eV. STM experiments by
Ertl and coworkers estimated that the N atom diffusion barrier on Ru(0001) is 0.94 eV,*! which is
comparable to our results. Previous theoretical calculations also gave similar values around 0.8-

1.0 eV under different coverages of N adsorption.” !%3!

For dissociation on the Ru(0001) surface, the N2 molecule first physisorbs perpendicular
to the surface with an adsorption energy of ~0.3 eV. The N-N bond length in this state is about
1.13 A, which is about the same as that in the isolated N2 molecule. The dissociation transition
state adapts a configuration parallel to the surface where one N atom stays near an fcc site and the
other near an hcp site, with a N-N distance of about 1.69 A. In the final state, the N atoms occupy
two adjacent hcp sites. The configurations of the stationary points for N2 dissociation and N atom
diffusion are shown in Figure 1. The barrier for N2 dissociation (TS1) on Ru(0001) is calculated
to be ~1.84 eV from the physisorption well (MIN1), consistent with previously reported DFT
values of 1.807 and 1.84 eV.?® Relative to the dissociation asymptote, the barrier is 1.54 eV. The
dissociation reaction has an exoergicity of 0.96 eV. The diffusion barrier (TS2) is 0.85 eV from

hep (MIN2) to fee (MIN3), which is 0.49 eV higher in energy.
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Figure 1. Energy diagram for the dissociation of N2 and subsequent diffusion of N atoms on the
Ru(0001) surface, with the top view of stationary points. The black lines are DFT values while the
red lines are those from PES. The nitrogen, top layer Ru and sublayer Ru atoms are colored as
blue, green, and pink, respectively.

ITIB. Dynamics simulations: N> dissociation and N diffusion

QCT simulations of N2 dissociation and the subsequent diffusion of newly generated N
atoms were carried out on the DFT based EANN PES. Starting from 6 A above the surface with
random initial orientations, most of the impinging N2 molecules scatter back to the gas phase
immediately or after a short residence time on the surface, due apparently to the high activation
barrier, while some undergo dissociation. The experimental supersonic beam conditions described by

Wagner et al.* were characterized using time-of-flight measurements to have incident beam energies
of 0.8 £0.3, 1.1 £ 0.4, and 1.3 £ 0.6 eV that were achieved using nozzle temperatures of 730, 1000, and

1150 K, respectively. Significant vibrational excitation of the N2> molecule is thought to exist under
the experimental conditions. As a result, we have performed three sets of calculations with
incidence energy of 1.0 and 5.0 eV for impinging N2 with v=2 and 4. Table I lists the total number

of trajectories calculated and fraction of dissociation under these initial conditions. At the low
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incidence energy at 1.0 eV, the dissociation probability for N2(v=2) on the order of 10 is
consistent with experimental observations.!”!'>?? The dissociation fraction increases with both

kinetic and vibrational excitations, also consistent with previous observations, '8 2!-25-26. 28

Table 1. Number of trajectories and dissociation probability at different initial conditions.

Ei=1eV,v=2 Ei=1eV,v=4 Ei=5eV,v=2
Total number of trajectories 500000 20000 5000
Fraction of dissociation 0.0004 0.02 0.3

After N2 is dissociated, the excess kinetic energy leads to hyperthermal motions of N atoms.
Measuring from the dissociation barrier, the total available energy for the two nitrogen atoms is
~2.50 eV, resulting from the sum of the barrier (1.54 eV) and the 0.96 eV exoergicity of the
reaction. Additional energy is provided by the vibrational and translational degrees of freedom of
the impinging Na. The energy is insufficient for atomic N to desorb, but can lead to “hot” N atoms.
The QCT simulation with an N2 incidence translation energy of 1.0 eV and vibrational excitation
v=2 at surface temperature of 300 K has a dissociation probability of 0.04 %. After the system
achieved equilibration, the average separation between two adsorbed N atoms is ~4.3 A with the
largest separation of ~7.4 A. The corresponding distribution of the N-N separation is shown in the
upper panel of Figure 2. The diffusion of the “hot” N atom does not seem to have any preference
of directionality, as evidenced by the angular distribution of the diffusion shown in the lower panel

of Figure 2, which is consistent with the experimental observations.*’
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Figure 2. The distribution of N-N separation at different initial conditions (upper panel). The

angular distribution of two N atoms after dissociation (lower panel).
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To find out how vibrational excitation of the incident N2 affects the dissociation and
diffusion, trajectories were also run with v=4 at the incident energy of 1.0 eV. As shown in Table
1, the vibrational excitation clearly promotes the dissociation, leading to a dissociation probability
of 2%. This is readily understood as the N-N vibration is well aligned with the reaction coordinate

at the dissociation saddle point, in the language of the Sudden Vector Projection model.>

However,
the overall N-N separation distribution shown in Figure 2 changes only moderately, resulting in

average and maximum N-N distances of 4.9 and 9.7 A, respectively.

Similarly, when the initial translational energy of N2 molecule was increased to 5.0 eV
while the N2 vibrational state is kept at v=2, the dissociation probability also increases. Again, the
drastically increased energy in the impinging N2 has only a limited effect on the N-N separation,
as shown in Figure 2. The average and maximum N-N separations are 6.8 and 16.2 A, respectively.
The larger separations can be attributed to the higher incidence energy, which is much larger than
the energy imparted by vibrational excitation (0.6 eV between the v=2 and v=4 vibrational levels

of N2).

The N atom that is placed at the hcp site from the N2 dissociation typically does not have
significant movement. On the other hand, the one at the fcc site at the transition state is more likely
to travel, across one or two Ru surface lattice units (2.7 A). This behavior is quite similar to the
“hot” H dynamics after the dissociation of H2.>’-*%3% In Figure 3, the N-N separation averaged over
all the dissociated trajectories is shown as a function of time. Higher energy trajectories typically
lead to larger N-N separations, consistent with the results shown in Figure 2. It is clear that the
impulsive motion is essentially finished after 2 ps, due apparently to strong energy dissipation to
surface phonons, although the N atoms still possess some kinetic energy. The average N-N

separation in these three simulations is 4.3, 4.9, and 6.8 A. In Figure 4, an exemplary trajectory is
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shown, where the motion of the “hot” N atom (yellow) is via hopping between hollow sites via the

bridge diffusion transition state, while the other N atom (purple) is trapped at the initial hcp site.
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Figure 3. Mean N-N distances as a function of simulation time for several initial conditions.
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Figure 4. An exemplary trajectory at the incidence energy of 1.0 eV with N2(v=2). The two N
atoms are represented by different colors. The solid red dot depicts the initial position of N2 in

the surface unit cell.

One dominant factor that prevents “hot” N atoms from longer distance movement is their
strong coupling with the Ru(0001) surface. The kinetic energy of the N atoms quickly decreases
after dissociation because of fast dissipation to the surface phonons. As shown above, the “hot”
atom diffusion is essentially done within the first 2 ps after dissociation, after which the N atoms
are trapped around the adsorption site. Thermal diffusion is too slow for the QCT simulation to
capture. Figure 5 presents the kinetic energy of two N atoms parallel (X+Y) and perpendicular (Z)
to the surface as a function of time, following the same trajectory shown in Figure 4. The trajectory
reaches TS1 around 0.2 ps, after which there is a significant increase in kinetic energy due to the
dissociation. For this particular trajectory, a major part of the energy release goes to the

translational energy in a direction parallel to the surface for in one N atom, which reaches as high
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as 0.7 eV. However, the kinetic energy quickly declines to below 0.3 eV, losing the capacity to
move further on the surface. The decrease of the lateral kinetic energy near 0.6 ps is accompanied
by an increase of kinetic energy in the Z direction, suggesting energy transfer due to the strong
corrugation of the surface. The subsequent energy loss near 1.2 ps is apparently due to the

surmounting of the diffusion transition state (TS2) and further energy loss to the surface.
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Figure 5. N atom kinetic energies parallel (X+Y) and perpendicular (Z) to the surface as a function
of time for an exemplary trajectory (upper panel). The corresponding X, Y, Z coordinates of the
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two N atoms are shown in the lower panel. The dissociation occurring at 0.2 ps is indicated by an
arrow.

IVv. Discussion

It is quite clear that our simulation results are inconsistent with the observations made in
the careful experiments by Sibener and coworkers.® The difference in N-N separation is by
approximately one order of magnitude (A vs. nm). Since the incident experimental beam energy
distributions were not monoenergetic and had uncharacterized N2 vibrational excitation, we have
performed three different combinations of initial conditions. The total energies in our simulations
are probably larger than the ones in the experiment, but this was intentional, as lower total energies
are expected to further reduce the final N-N separation. Yet, the increase of either the incidence
translational energy or internal vibrational energy failed to achieve even a qualitative reproduction

of experiment.

A possible source of errors is the uncertainty associated with the density functional used in
our simulation. However, our calculated diffusion barrier Of 0.85 eV is similar to earlier DFT
values of 0.8-1.0 eV using GGA functionals.” '>>! More importantly, the calculated barrier is in
good agreement with earlier experiments by Ertl and coworkers, who estimated the diffusion

activation energy to be 0.94 eV.3!

One might argue that the neglect of the EHPs in our simulations could be the culprit for
the disagreement. However, it is well established that EHP excitations in the substrate typically
serves as a friction to the diffusing adsorbate. Indeed, our recent work on H spillover had shown
that interactions with substrate EHPs significantly slow down the diffusion of adsorbed H atoms,

leading to smaller diffusion coefficients than those obtained via adiabatic simulations.®’
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However, previous studies on N diffusion on metal surfaces have demonstrated that the
nonadiabatic friction is typically minor.?” Even if the electronic friction were to be included in our

simulation, it can be expected that the final N-N separation will be even smaller.

Another potential shortcoming of our model is the relatively small size of the unit cell.
There is evidence that the limited size of the unit cell may result in insufficient energy dissipation
due to the missing low frequency phonons.’*>” However, a large unit cell, which is numerically
more expensive to simulate, would inevitably lead to more dissipation of the N kinetic energy,

thus leading to shorter N-N distance.

It might be profitable to compare “hot” N atoms with “hot” O atoms generated from
dissociation of O2 on various metal surfaces. STM studies have revealed that after the cleavage of
the O-O bond, the “hot” O atoms typically travels for less than or near 10 A on low Miller index
facets of metals, including Pt(111),”® Cu(110),%° Rh(110),%° Al(111),5! Pd(111),* and Ag(110).%
The only reported O-O separation significantly above this range was the earlier studies by Brune
et al. on the Al(111) surface, where the “hot” O atoms are observed to reach separations at least
80 A.5+% However, this conclusion was challenged by the later experiment of Schmid et al.,*! who
observed O-O pairs separated by only ~2-3 surface lattice distances (~5 A). Another STM study
observed O-O distances of a few nm was on Ag(001),° but no theoretical study has so far been
reported. Comparing with N, the diffusion barrier for O atoms is much lower (~ 0.5 eV). This
difference also argues against a larger separation of “hot” N atoms upon dissociation. Indeed,
theoretical studies of the O diffusion on metal surfaces showed reasonable agreement with
experiment, yielding O-O separation less than or around 10 A.343% 676 We note in passing that

the EHP friction of adsorbed O atoms in these cases is also known to be small.”’
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Finally, we have examined the so-called “cannonball” mechanism,’! in which one of the N
atom is supposed to shoot away from the surface while the other towards the surface if N2 has a
non-zero angle to the surface when it reaches the dissociation barrier. As a result, the N atom
pushed away from the surface might be able to travel long distances. As shown in SI, the N2
dissociation barrier is highly anisotropic with respect to the polar angle of the impinging N2, which
results in strong steering of the molecule toward the saddle point with a configuration parallel to
the surface even it is originally oriented at a different angle with the surface. This steering effect
leads to very few trajectories with non-parallel orientations when N2 reaches the dissociation

barrier, and even for these trajectories, no long-distance hopping of N atom was observed.

To summarize, it is difficult to rationalize the large experiment-theory discrepancy in the
N-N separation upon dissociation of N2 on Ru(0001) by potential shortcomings of our theoretical
model. Our results are mostly consistent with previous theoretical studies of “hot” atoms formed
by dissociative chemisorption on metals. We thus conclude that the experimental observations
must be the result of a yet-to-be-discovered mechanism that is not considered in our theoretical
model. It is difficult at this point to speculate the origin except that the theoretical model used in
this work is highly idealized, lacking features that cannot be avoided in reality such as surface

defects.
V. Conclusions

Inspired by recent experimental work,>* we constructed a high-dimensional PES for the
dissociation of N2 and the subsequent diffusion of the resulting hot N atoms on Ru(0001) based
on DFT calculations. The final N-N separation distribution is obtained from QCT simulations on
the PES for several initial conditions mimicking experimental conditions. The average separation

is within 10 A, due apparently to the strong energy dissipation of the “hot” N atoms and the high
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diffusion barrier on the Ru(0001) surface that has been confirmed by another experiment. The
theoretical N-N separation is significantly smaller than the 66+28 A average separation reported
in the experiment. After careful examination of the approximations used in our simulations, we
conclude that the experimentally observed large N-N separation must be originated from a yet-
unknown mechanism. The eventual understanding of this puzzle will open doors for other related

systems in surface science.
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